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Abstract

Objective—To examine the pinocytotic pathways mediating native low-density lipoprotein
(LDL) uptake by human macrophage colony-stimulating factor—differentiated macrophages (the
predominant macrophage phenotype in human atherosclerotic plaques).

Methods and Results—We identified the kinase inhibitor SU6656 and the Rho GTPase
inhibitor toxin B as inhibitors of macrophage fluid-phase pinocytosis of LDL. Assessment of
macropinocytosis by time-lapse microscopy revealed that both drugs almost completely inhibited
macropinocytosis, although LDL uptake and cholesterol accumulation by macrophages were only
partially inhibited (approximately 40%) by these agents. Therefore, we investigated the role of
micropinocytosis in mediating LDL uptake in macrophages and identified bafilomycin Al as an
additional partial inhibitor (approximately 40%) of macrophage LDL uptake that targeted
micropinocytosis. When macrophages were incubated with both bafilomycin A1 and SU6656,
inhibition of LDL uptake was additive (reaching 80%), showing that these inhibitors target
different pathways. Microscopic analysis of fluid-phase uptake pathways in these macrophages
confirmed that LDL uptake occurs through both macropinocytosis and micropinocytosis.

Conclusion—Our findings show that human macrophage colony-stimulating factor—
differentiated macrophages take up native LDL by macropinocytosis and micropinocytosis,
underscoring the importance of both pathways in mediating LDL uptake by these cells.
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Atherosclerosis is characterized by cholesterol accumulation within medium and large
elastic arteries. Macrophages are present at all stages of the disease and facilitate cholesterol
accumulation and inflammation that can lead to infarction.! Thus, the uptake of LDL by
macrophages is a critical process in the development of atherosclerosis. Modification of
LDL is believed to be necessary for the uptake of LDL by macrophages.2 However,
previous studies show that human monocyte—derived macrophages take up physiological
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levels of native LDL found unbound in the interstitial fluid of the vessel wall (0.7 to 2.7 mg/
mL)3-5 by fluid-phase pinocytosis, causing the formation of foam cells, a hallmark of
atherosclerosis.®” Fluid-phase pinocytosis also occurs in macrophages within atherosclerotic
lesions of apolipoprotein E-knockout mice, indicating that macrophage fluid-phase
pinocytosis of LDL is an important mechanism of foam cell formation in vivo.8

Fluid-phase pinocytosis is a cellular mechanism of receptor-independent solute uptake that
occurs by the formation of large vacuoles (>0.5 um) through macropinocytosis and/or small
vesicles (<0.2 um) through micropinocytosis.®10 Macropinosomes form by actin-rich
plasma membrane protrusions extending from the cell and subsequently fusing with the
plasma membrane, resulting in the engulfment of large volumes of fluid. In contrast,
micropinosomes form by membrane invagination and scission to form small vesicles that,
because of their size, engulf much smaller amounts of fluid than macropinosomes. By these
mechanisms of uptake, solute present within fluid is taken up by cells at levels that are
directly proportional to the concentration of solute present within the fluid. In contrast to
receptor-mediated endocytosis, solute uptake by fluid-phase pinocytosis does not require
receptors and, therefore, does not show receptor saturation. Consequently, when
concentrations of solute are high, similar to LDL present within the vessel wall, substantial
cellular uptake of solute occurs.

Atherosclerotic lesions contain cytokines that promote monocyte differentiation into
macrophages. In particular, the cytokine macrophage colony-stimulating factor (M-CSF) is
critical for the proliferation and survival of macrophages and is necessary for the
development of atherosclerosis in mice.11:12 Human monocytes cultured in the presence of
M-CSF differentiate into macrophages with an elongated and heavily vacuolated
phenotype.” This macrophage phenotype, as assessed by surface marker expression and
morphology, is the predominant macrophage phenotype found within human atherosclerotic
lesions.13 Macrophages of this phenotype constitutively take up native LDL through fluid-
phase pinocytosis and form foam cells when incubated with concentrations of LDL found
within the human vessel wall”; however, the pinocytotic pathways that mediate uptake of
LDL have not been thoroughly examined. In this study, we assessed these pathways and
found that human M-CSF-differentiated macrophages take up substantial amounts of LDL
by both macropinocytosis and micropinocytosis.

Detailed methods can be found in the supplemental material (available online at
http://atvb.ahajournals.org).

Culture of Human Monocyte—Derived Macrophages

Human monocytes were purified by counterflow centrifugal elutriation of mononuclear cells
from healthy human donors. Cells were plated at a density of 2 x 10° monocytes per square
centimeter in RPMI medium 1640 (MediaTech, Washington, DC) containing 10% FBS
(GIBCO, Carlshad, Calif) in 6-well Cellbind plates (Corning, Corning, NY). After a 2-hour
incubation at 37°C with 5% CO» plus 95% air, cells were rinsed 3 times with RPMI medium
1640 and cultured for 5 days with complete medium: RPMI medium 1640 containing 10%
FBS, 50 ng/mL M-CSF (PeproTech, Rocky Hill, NJ), and 25 ng/mL interleukin 10
(PeproTech).14 Cells were then rinsed 3 times with RPMI medium 1640 and cultured further
with complete medium. After 7 days in culture, experiments were performed with serum-
free RPMI medium 1640, 50-ng/mL M-CSF, 25-ng/mL interleukin 10, and the indicated
addition.
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Analysis of lodine 125-LDL Cell Association and Degradation

Macrophage cell association and degradation of iodine 125 (1251)-LDL was determined
according to the method of Goldstein et al.1> Culture media samples were centrifuged at 15
000g for 10 minutes, and trichloroacetic acid—soluble organic iodide radioactivity was
measured to quantify lipoprotein degradation.

To measure cell-associated 1251-LDL, macrophages were rinsed 3 times with Dulbecco PBS
containing Ca2*, mg2*, and 0.2% BSA,; followed by 3 rinses with Dulbecco PBS containing
Ca?* and Mg?*, all at 4°C. Macrophages were dissolved overnight in 0.1 N sodium
hydroxide at 37°C and then assayed for 125] radioactivity with a y counter. 1251 radioactivity
values for wells incubated with 1251-LDL without macrophages were subtracted from 1251
radioactivity values obtained for macrophages incubated with 125-LDL. Values were less
than 1% of cell-associated values for 1251-LDL. For protein quantification, a small aliquot of
cell lysate was measured using the method of Lowry et al16 with a BSA standard. 1251-LDL
uptake is presented as the sum of cell-associated 12%I-LDL and degraded 1251-LDL.

Quantification of Macrophage Cholesterol

Cells were rinsed 3 times in Dulbecco PBS containing Mg2* and Ca2*, lysed with 1 mL of
ultrapure water per well, and then detached with a cell scraper. Lipid was isolated using the
method of Folch et al,1” and cholesterol was quantified as previously described by Gamble
et al.18 For protein quantification, a small aliquot of cell lysate was measured using the
method of Lowry et all6 with a BSA standard.

Microscopic Analysis of Fluid-Phase Pinocytosis Pathways

Macrophage cultures were pretreated with complete medium containing the indicated agent
for 4.5 hours. Medium was then replaced with DMEM containing 10 mmol/L Hepes (Sigma,
St. Louis, Mo) and 2 mg/mL mannan (to saturate the mannose receptor)1%:20 (Sigma), with
or without inhibitor, and then incubated for 30 minutes. Next, macrophages were incubated
for 10 minutes with the fluid-phase tracer horseradish peroxidase (HRP), 1 mg/mL (Sigma),
in the same medium. Subsequently, macrophages were thoroughly rinsed and then fixed
with 2.5% glutaraldehyde overnight at 4°C. After fixation, macrophages were rinsed and
incubated for 30 minutes with 2 mg/mL diaminobenzidine (Sigma) and then incubated for
60 minutes with 2 mg/mL diaminobenzidine containing 0.01% hydrogen peroxide. Then,
macrophages were rinsed and removed from culture dishes by scraping. Macrophages were
pelleted (15009 for 5 minutes at 4°C) and then fixed for 1 hour with 2% osmium tetroxide
(0s0y). After each subsequent step (up to embedding), macrophages were pelleted by
centrifugation. Macrophages were then progressively dehydrated with 70%, 95%, and 100%
ethanol. Samples were infiltrated and then embedded and polymerized at 70°C. Thick and
thin sections without a counterstain were analyzed using a light microsope (Zeiss Axiophot)
or an electron microscope (Joel 1200EX), respectively.

To directly visualize LDL entering macrophages by fluid-phase pinocytosis, macrophages
were incubated with 5 mg/mL LDL, fixed, embedded in LR white resin, and prepared for
immunogold labeling of LDL as previously described,2! except that 1% dry skim milk
instead of 1% BSA was used to block nonspecific staining. All sections were counterstained
with lead and analyzed with an electron microscope (Joel 1200EX).

Statistical Analysis

Data are presented as the mean+SEM. Means were representative of 3 replicate wells. A t
test was used for statistical comparisons, with P<0.05 considered significant.
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Macropinocytosis Partially Mediates LDL Uptake by Macrophages

Previously, it was reported that fluid-phase pinocytosis of native LDL by M-CSF-
differentiated human macrophages accounts for all native LDL uptake by these macrophages
and promotes the formation of foam cells.” First, to identify inhibitors of native LDL uptake
by M-CSF-differentiated human macrophages, we screened a panel of drugs and found that
the kinase inhibitor SU6656 decreased LDL uptake and cholesterol accumulation by
approximately 40% compared with vehicle-treated macrophages (Figure 1A and B).
Assessment of cell morphology by phase-contrast microscopy showed abundant phase-
bright vacuoles in untreated cells, whereas SU6656-treated macrophages showed a near
complete loss of vacuoles (Figure 2A and B). Because M-CSF—differentiated human
macrophages form large vacuoles (ie, macropinosomes) by macropinocytosis (supplemental
Figure 1),” we assessed the effect of SU6656 on macropinocytosis by time-lapse
microscopy. Macrophage cultures without drug addition showed vigorous macropinocytosis,
whereas macropinocytosis was almost completely inhibited in SU6656-treated macrophages
(supplemental Figure I1), thus explaining the near absence of macropinosome vacuoles in
the treated macrophages.

SU6656 was designed as a specific inhibitor of Src family kinases,?2 suggesting a role for
these kinases in mediating macrophage macropinocytosis. We examined 2 additional Src
family kinase inhibitors, PP1 and PP2, to determine whether the effect of SU6656 on
macropinocytosis of LDL is the result of inhibition of Src family kinases. Macrophage
uptake of LDL was unaffected by PP1 or PP2 compared with untreated macrophages
(supplemental Figure I11). We considered the possibility that PP1 and PP2 may not be
effective inhibitors of the Src family kinases expressed in macrophages. To examine this
possibility, we assessed M-CSF—differentiated human macrophage expression of Src family
kinases by Western blot analysis and determined that M-CSF—differentiated human
macrophages express Hck, Fyn, Fgr, Lyn, and Blk (supplemental Figure IV). All of these
Src family kinases expressed in M-CSF—differentiated human macrophages were previously
effectively inhibited by PP1 and/or PP2 in cell-based assays,23-2° suggesting that a non-Src
family kinase mediates macropinocytosis in M-CSF—differentiated macrophages. Because
previous studies?6-27 showed that the non-Src family kinase Syk mediates murine
macrophage macropinocytosis in response to minimally modified LDL, we assessed
macrophage macropinocytosis by time-lapse microscopy in the presence or absence of Syk
inhibitor (supplemental Figure V). Although inhibition of Syk altered macrophage
morphology, there was no effect on macropinocytosis compared with untreated cells.
Collectively, these results strongly suggest that M-CSF—differentiated human macrophage
macropinocytosis is not mediated by an Src family kinase or Syk.

Rho GTPases are molecules known to mediate macropinocytosis in certain cell types.28-32
Therefore, we examined the effect the Rho GTPase inhibitor toxin B on LDL uptake and
cholesterol accumulation by M-CSF—differentiated macrophages. In the presence of toxin B,
macrophage phase-bright vacuoles were almost completely absent compared with control
(Figure 2C and D). LDL uptake and cholesterol accumulation by toxin B-treated
macrophages was inhibited approximately 40% compared with vehicle-treated macrophages
(Figure 1C and D). Similar to the effect of SU6656, macrophage macropinocytosis was
nearly completely inhibited by toxin B (compare C and D in Figure 2 with supplemental
Figure VI). Because macrophage macropinocytosis was almost completely inhibited by 2
different macropinocytosis inhibitors, but LDL uptake was only partially inhibited, these
data suggest that fluid-phase micropinocytosis of LDL accounts for the macrophage LDL
uptake that remains after inhibition of macropinocytosis.
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Efficient Inhibition of LDL Uptake by Macrophages Requires Targeting Macropinocytosis
and Micropinocytosis

Because the macropinocytosis inhibitors SU6656 and toxin B only partially inhibited LDL
uptake by macrophages, we postulated that efficient inhibition of macrophage LDL uptake
would require multiple inhibitors targeting both macropinocytosis and micropinocytosis.
Therefore, we sought to identify an inhibitor of micropinocytosis. We investigated the effect
of bafilomycin Al on macrophage uptake of LDL. Macrophage cultures were incubated
with 125]-LDL in the presence of bafilomycin Al or SU6656 (Figure 3). Compared with
vehicle-treated cells, uptake of 125]-LDL by macrophages was inhibited by 42% for
bafilomycin-treated macrophages and by 44% for SU6656-treated macrophages. To
determine whether these 2 inhibitors target different pinocytotic pathways, SU6656 and
bafilomycin A1 were combined during the incubation of macrophages with 12%|-LDL.
Macrophage uptake of 125]-LDL was inhibited additively by the 2 drugs at 79% compared
with vehicle-treated macrophages, showing that these 2 drugs target different pathways
(Figure 3). Because SU6656 almost completely inhibited macrophage macropinocytosis and
bafilomycin Al showed additive inhibition of LDL uptake, these data indicate that
bafilomycin Al inhibits micropinocytosis, not macropinocytosis. To verify that
macropinocytosis was unaffected by bafilomycin A1, we assessed macropinocytosis by
time-lapse microscopy and found that macropinocytosis was unaffected by the presence of
bafilomycin Al (supplemental Figure VII).

Macropinocytosis and Micropinocytosis Mediate Solute Uptake by Macrophages

Next, we examined macrophage pinocytotic pathways by microscopy to gain morphological
insight about the pathways mediating fluid-phase solute uptake by macrophages. To
determine the initial pinocytotic events mediating macrophage uptake of solute, cell cultures
were briefly incubated with the fluid-phase pinocytosis tracer HRP and the
macropinocytosis inhibitor, SU6656, the micropinocytosis inhibitor, bafilomycin A1, or
vehicle (Figure 4). Pinocytotic vesicles containing HRP show a peripheral rim of the HRP-
generated reaction product, precipitated diaminobenzidine (DAB), that is typical for this
method.33 The precipitated DAB appears brown by light microscopy. Bright-field light
microscopic analysis of macrophages incubated without drug showed DAB-positive small
vesicles and large vacuoles (Figure 4B). SU6656-treated macrophages showed only small
vesicles positive for DAB (Figure 4C), consistent with time-lapse microscopy showing that
SU6656 inhibits macropinocytosis and its generation of large vacuoles (similar results were
obtained with toxin B [supplemental Figure VII11]). In contrast, bafilomycin Al-treated
macrophages showed predominantly large vacuoles containing DAB with only rare small
vesicles (Figure 4D), further supporting that bafilomycin Al inhibits micropinocytosis but
does not inhibit macropinocytosis. As a control, macrophages were incubated without HRP
and, as expected, showed no DAB (Figure 4A). In agreement with the macrophage LDL
uptake data, these results show that pinocytosis of solute occurs through both
macropinocytosis and micropinocytosis.

We further assessed macrophage pinocytotic pathways at high magnification by electron
microscopy to gain ultrastructural insight into the pathways mediating solute uptake. The
HRP-generated reaction product DAB appears black by electron microscopy. Macrophages
without drug addition showed 2 distinct DAB reaction product—positive endocytic
compartments: small micropinosomes (<0.2 pm) and large vacuoles (>0.5 um) (Figure 5B
and supplemental Figure IX). Treatment of macrophages with the macropinocytosis
inhibitor, SU6656, showed mostly small DAB-positive micropinosomes (<0.2 um) (Figure
5C), whereas treatment of macrophages with the micropinocytosis inhibitor bafilomycin Al
showed almost exclusively large DAB-positive macropinosomes (>0.5 pm) (Figure 5D).
Macrophages incubated without HRP showed no DAB, as expected (Figure 5A).

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Anzinger et al.

Page 6

To more directly assess bafilomycin Al inhibition of micropinocytosis, macrophages were
incubated with the micropinocytosis tracer cholera toxin subunit B (supplemental Figure X).
Although cholera toxin binds to cell surface receptors, it is endocytosed by small vesicles,
thus serving as a tracer of micropinocytosis.* Compared with control, macrophage uptake
of cholera toxin was almost completely inhibited by bafilomycin Al, whereas SU6656, as
expected, had no effect on cholera toxin uptake. We confirmed that cholera toxin is a tracer
of micropinocytosis by incubating macrophages with HRP-conjugated cholera toxin and
assessing uptake by electron microscopy (supplemental Figure XI). Macrophages incubated
with the micropinocytosis tracer HRP-conjugated cholera toxin showed uptake only within
DAB-positive micropinosomes (<0.2 pm). In contrast, macrophage uptake of the
indiscriminate fluid-phase pinocytosis tracer HRP showed uptake in both DAB-positive
micropinosomes (<0.2 pum) and macropinosomes (>0.5 pm), as expected. To confirm that
bafilomycin Al inhibits micropinocytosis, macrophages were incubated with HRP-
conjugated cholera toxin in the presence or absence of bafilomycin Al and uptake was
assessed by electron microscopy (supplemental Figure XIlI). In the presence of bafilomycin
A1, macrophages showed no uptake of HRP-conjugated cholera toxin, consistent with
bafilomycin Al inhibiting micropinocytosis. In contrast, the incubation of macrophages with
HRP-conjugated cholera toxin and SU6656 showed DAB-positive micropinosomes, similar
to untreated macrophages, further supporting that SU6656 inhibits macropinocytosis but not
micropinocytosis. These results show that cholera toxin can be used as a selective tracer for
micropinocytosis in these macrophages and confirm that bafilomycin Al inhibits
macrophage micropinocytosis.

Macropinocytosis and Micropinocytosis Mediate LDL Uptake by Macrophages

Macrophage uptake of the fluid-phase pinocytosis tracer HRP into both macropinosomes
and micropinosomes shows that receptor-independent solute uptake occurs by both
pinocytotic pathways. To confirm that LDL is taken up by macrophages via
macropinosomes and micropinosomes, macrophages were incubated with LDL and assessed
by electron microscopy (Figure 6). LDL, identified by immunogold labeling, was contained
in both micropinosomes (<0.2 um) (Figure 6B and C) and macropinosomes (>0.5 pum)
(Figure 6A), consistent with macrophage uptake of the fluid-phase tracer HRP.
Macrophages incubated without LDL showed no immunogold labeling (data not shown) nor
did macrophages treated with LDL and immunogold labeled with a control antibody to
green fluorescent protein (Figure 6D).

Discussion

The uptake of cholesterol-rich LDL by macrophages is thought to be critical in mediating
the development of atherosclerotic plaques. Therefore, understanding and targeting the
pathways mediating LDL uptake by macrophages is an important goal. In this study, by
using inhibitors of LDL uptake by M-CSF—differentiated human macrophages, we
quantitatively and morphologically demonstrate that native LDL uptake by macrophages
occurs by both macropinocytosis and micropinocytosis. Targeting both pinocytotic
pathways is necessary for efficient inhibition of LDL uptake by M-CSF—differentiated
macrophages because inhibition of either macropinocytosis or micropinocytosis only results
in an approximate 40% decrease in LDL uptake, whereas inhibiting both pathways results in
an 80% decrease in LDL uptake.

Fluid-phase pinocytosis is a receptor-independent mechanism of solute uptake by cells that
occurs by macropinocytosis and/or micropinocytosis.3> Because it was previously noted that
fluid-phase pinocytosis of native LDL by M-CSF—differentiated macrophages accounts for
all native LDL uptake by these macrophages,’ fluid-phase macropinocytosis and fluid-phase
micropinocytosis must account for all macrophage uptake of LDL in this study.
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We found that the kinase inhibitor SU6656 inhibited macropinocytosis. SU6656 was
identified as a specific small-molecule inhibitor of Src family kinases.22 Previous
studies36-38 showed that overexpression of Src or other nonpalmitoylated Src family kinases
promotes macropinocytosis in certain cell lines, suggesting that Src family kinases may
mediate macropinocytosis by M-CSF—differentiated macrophages. However, when M-CSF-
differentiated macrophages were treated with other Src family kinase inhibitors, PP1 or PP2,
there was no effect on LDL uptake, suggesting that macropinocytosis may be mediated by a
non-Src family kinase. Although SU6656 was initially identified as a “specific” Src family
kinase inhibitor,22 non-Src family kinases can be efficiently inhibited by this drug.3?
Previous studies?%:2” showed that minimally modified LDL stimulates murine macrophage
macropinocytosis by activating the non-Src family kinase Syk. We observed no role for
Syk-mediating macrophage macropinocytosis. Because we did not stimulate macrophages
with minimally modified LDL, it is not surprising that Syk inhibition did not affect
macrophage macropinocytosis in this study. Although beyond the scope of this study, future
studies will determine the kinase mediating macropinocytosis in M-CSF-differentiated
macrophages.

We also found that the Rho GTPase inhibitor toxin B inhibited macropinocytosis, in
agreement with previous studies?8-32 showing that Rho GTPases mediate macropinocytosis.
However, similar to SU6656, although toxin B substantially inhibited macropinocytosis, this
agent only partially inhibited macrophage LDL uptake and cholesterol accumulation, further
supporting that micropinocytosis contributes substantially to LDL uptake and cholesterol
accumulation.

The inhibition of both macropinocytosis with SU6656 and micropinocytosis with
bafilomycin Al resulted in an 80% decrease in LDL uptake by macrophages, showing that
inhibition of at least 1 pathway is incomplete. In the presence of bafilomycin Al, we found a
nearly complete absence of micropinosomes containing the fluid-phase tracer HRP by
electron microscopy, suggesting that inhibition of macropinocytosis is incomplete. Also,
electron microscopic analysis showed occasional macropinosomes present in SU6656-
treated macrophages; and SU6656-treated macrophages showed residual macropinocytosis,
as observed by time-lapse microscopy (supplemental Figure 11). Therefore, the remaining
20% of macrophage LDL uptake in the presence of SU6656 and bafilomycin Al is most
likely the result of incomplete inhibition of macropinocytosis by SU6656. Insufficient
dosage of SU6656 was not the reason for incomplete inhibition of macrophage
macropinocytosis because the doses used in this study maximally inhibited
macropinocytosis and LDL uptake (data not shown), suggesting that at least 1 SU6656-
insensitive macropinocytotic pathway exists. Attributing 20% of macrophage LDL uptake to
SUB656-insensitive macropinocytosis and 40% to SU6656-sensitive macropinocytosis
results in 60% of LDL uptake mediated by macropinocytosis. Consequently, 40% of LDL
uptake can be attributed to micropinocytosis.

Previous studies*:41 show that murine macrophages take up fluid by micropinocytosis and
macropinocytosis. We extend this finding, relating it to macrophage pinocytosis of LDL. M-
CSF—differentiated human macrophages were generally found to contain macropinosomes
(>0.5 um) and micropinosomes (<0.2 pm). These pinosome sizes are consistent with
previous observations for murine M-CSF—differentiated macrophages.*? In murine M-CSF-
differentiated macrophages, most macropinosomes are 0.5 to 1.0 um,*2 similar to what we
observed with human M-CSF-differentiated macrophages in this study. Macropinosomes,
because of their size, contain substantially more fluid than micropinosomes. For example,
assuming a spherical macropinosome, we calculate that 524 aL of fluid is contained within a
single 1 pm-diameter macropinosome. In contrast, a spherical 0.1 pm-diameter
micropinosome (the approximate diameter of a clathrin-coated vesicle) only contains 0.5 aL

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2011 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Anzinger et al.

Page 8

of fluid. Because the fluid volume within macropinosomes is much greater than within
micropinosomes, the amount of LDL taken up by an individual macropinosome must be
substantially greater (> 1000-fold) than that of a micropinosome. Therefore, extensive
micropinocytosis by macrophages must occur for 40% of LDL uptake to be attributed to
micropinocytosis. Assessment of HRP-treated macrophages by electron microscopy showed
more micropinosomes than macropinosomes containing HRP reaction product
(supplemental Figure IX), albeit much less than the greater than 1000-fold difference
calculated. However, static microscopy does not provide an indication of rates of formation
and turnover of vesicles and vacuoles. Thus, the relative numbers of pinocytotic vesicles and
vacuoles observed in electron micrographs does not provide an accurate evaluation of the
flux of solute carried by micropinosomes and macropinosomes.

Murine macrophages cultured without M-CSF deliver 0.43% of the cell volume per minute
by fluid-phase pinocytosis mediated by micropinocytosis.33 We calculate that human
macrophages take up 0.89% of the cell volume per minute by fluid-phase pinocytosis, of
which 0.36% can be attributed to micropinocytosis, roughly the amount of fluid pinocytosed
through micropinocytosis in murine macrophages cultured without M-CSF. Because it was
later found that M-CSF stimulation of murine macrophages induces macropinocytosis and
increases fluid-phase pinocytosis approximately 2-fold,*! it would be expected that 0.86%
of the cell volume per minute would be pinocytosed for murine macrophages in the presence
of M-CSF, similar to the 0.89% we calculate for human macrophages. Thus, these
calculations show that the relative amount of fluid taken up through micropinocytosis and
macropinocytosis in murine and human macrophages is similar. In contrast, an important
difference is that M-CSF must be present for macropinocytosis in M-CSF-differentiated
murine macrophages*! but is not required for macropinocytosis in M-CSF—differentiated
human macrophages, which show constitutive macropinocytosis.’

Because of multiple micropinocytotic subpathways, targeting 1 subpathway may not result
in substantial inhibition of solute uptake by cells. Furthermore, inhibition of certain
pinocytotic pathways may upregulate other pinocytotic pathways. For example, the
molecule dynamin is essential for clathrin-dependent and some clathrin-independent
endocytic processes. The expression of nonfunctional mutant dynamin in human cell line
cells results in upregulation of other fluid-phase pinocytotic pathways, completely
compensating for the loss of fluid uptake by dynamin-dependent endocytosis.*3 We found
that inhibition of dynamin using the inhibitor dynasore increased rather than decreased LDL
uptake by macrophages (JJA, HSK, unpublished observation, 2008), showing that
upregulation of other endocytic pathways can also occur in macrophages. Because of the
potential for upregulation of pinocytotic pathways, we cannot exclude the possibility that the
macropinocytosis inhibitors used in this study upregulate micropinocytosis. Therefore, the
percentage of LDL macropinocytosed by untreated macrophages may be greater than
macrophages treated with macropinocytosis inhibitors. This possibility of secondary
upregulation of micropinocytosis pathways may preclude substantial inhibition of
macrophage LDL uptake and cholesterol accumulation with macropinocytosis inhibitors
alone.

Clathrin- and caveolin-dependent micropinocytotic pathways can be inhibited by depletion
of cellular cholesterol.#4-47 Previously, it was reported that cholesterol depletion of M-CSF-
differentiated macrophages with the cholesterol sequesterant methyl-p-cyclodextrin had no
effect on macrophage uptake of the fluid-phase pinocytosis tracer 12°1-BSA, 48 showing that
micropinocytotic pathways of M-CSF—differentiated macrophages do not depend on cellular
cholesterol. These results suggest that clathrin- and caveolin-dependent micropinocytotic
pathways do not contribute substantially to fluid uptake by M-CSF—differentiated
macrophages. In a separate study, it was also determined that greater than 95% of LDL
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uptake by M-CSF—differentiated macrophages is dependent on actin polymerization.”
Because micropinocytosis has previously been reported to be actin independent, 420 these
data suggested that nearly all macrophage uptake of LDL occurs by macropinocytosis, a
process requiring actin polymerization. In contrast, we clearly demonstrate in this study that
micropinocytosis contributes substantially to LDL uptake by macrophages, showing that
almost all micropinocytotic uptake of LDL occurs in an actin-dependent manner. Although
micropinocytosis is generally actin independent, certain cell types show actin-dependent
micropinocytosis.?1:52 Therefore, our results show that almost all micropinocytosis by M-
CSF—differentiated macrophages is actin dependent and cholesterol independent. These data
emphasize that the properties of endocytic processes can vary between cell types and
warrant caution in generalizing findings to all cell types.

Macropinocytosis only occurs in some cell types, whereas micropinocytosis is common to
all cells, suggesting that other cell types may accumulate cholesterol by this pathway.
Fibroblasts have been shown to take up LDL by fluid-phase pinocytosis.>3>4 Because
macropinocytosis is not known to occur in fibroblasts, the uptake of LDL by fibroblasts
most likely occurs by micropinocytosis; however, cholesterol accumulation in these cells
does not occur because all the LDL cholesterol taken up is excreted by the fibroblasts.>* In
contrast, micropinocytosis of LDL by M-CSF—differentiated macrophages leads to
cholesterol accumulation because LDL uptake and cholesterol accumulation by
macrophages occurred in the presence of macropinocytosis inhibitors.

Previously, it was shown that human serum-differentiated macrophages stimulated with
phorbol 12-myristate 13-acetate (PMA) take up LDL and accumulate cholesterol by
macropinocytosis.8 Nearly all LDL uptake and cholesterol accumulation by PMA-stimulated
human serum—differentiated macrophages were attributed to macropinocytosis because
inhibitors of macropinocytosis almost completely inhibited LDL uptake and cholesterol
accumulation. Although not directly investigated in that study, a small amount of LDL
uptake by human serum—differentiated macrophages can be attributed to micropinocytosis
because, in the absence of macropinocytosis (ie, without PMA stimulation), LDL uptake
occurred. The amount of LDL micropinocytosed by unstimulated human serum—
differentiated macrophages was approximately 20% to 30% of the total uptake of PMA-
stimulated human serum—differentiated macrophages and only led to a small increase in
cellular cholesterol (approximately 10% of PMA-stimulated cellular cholesterol). In
contrast, micropinocytosis of LDL by M-CSF-differentiated macrophages accounts for at
least 40% of LDL and cholesterol accumulation. It remains to be determined if
micropinocytosis of LDL contributes substantially to cholesterol accumulation in other cell
types or is a unique feature of M-CSF-differentiated macrophages.

One commonly known inhibitory function of bafilomycin Al is disruption of lysosomal
function.® This occurs by inhibition of the vacuolar type H(+)-ATPase, causing an increase
in lysosomal pH, thereby preventing enzymatic degradation of endocytosed cargo.
Consistent with this, we found that bafilomycin Al substantially inhibited macrophage
degradation of LDL compared with untreated cells (26% and 76% of pinocytosed LDL was
degraded, respectively). Bafilomycin Al can also inhibit other cellular functions. For
example, bafilomycin Al slows endosomal recycling to the plasma membrane and prevents
the formation of multivesicular bodies.?8 Furthermore, bafilomycin A1 may have other
undiscovered inhibitory properties. Although it has not been previously described that
bafilomycin Al inhibits pinocytosis, we found that bafilomycin Al inhibited
micropinocytosis in M-CSF—differentiated human macrophages. Previously, bafilomycin A1
was used to determine whether phorbol ester—stimulated human serum—differentiated
macrophages degrade LDL using lysosomes.® Although not investigated in that study,
bafilomycin Al was also found to inhibit fluid phase—mediated LDL uptake by phorbol
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ester—stimulated human serum—differentiated macrophages, supporting the inhibitory effect
on pinocytosis by bafilomycin Al. Further supporting our finding that bafilomycin Al can
inhibit pinocytosis, a previous study®’ showed that bafilomycin A1 inhibits receptor-
mediated endocytosis of albumin by mouse tubular cells. In that study, the vacuolar type
H(+)-ATPase was reported to act as a sensor of endosomal pH, with increases in endosomal
pH inhibiting endocytosis. Additional studies have shown that the vacuolar type H(+)-
ATPase is found in the plasma membrane of kidney epithelial cells®® and macrophages®®-61
and can form a vesicle coat, suggesting a potential role for the vacuolar type H(+)-ATPase
in mediating vesicle trafficking. Taken together, these studies substantiate that the vacuolar
type H(+)-ATPase inhibitor bafilomycin Al can inhibit micropinocytosis.

In summary, we find that fluid-phase macropinocytosis and fluid-phase micropinocytosis
each contribute substantially to LDL uptake by human M-CSF-differentiated macrophages,
with both pathways promoting macrophage cholesterol accumulation. This study shows that
targeting macrophage uptake of LDL should not only consider macropinocytosis as a
mechanism of macrophage LDL uptake but also micropinocytosis and that both uptake
pathways can facilitate substantial cholesterol accumulation in macrophages.
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Figure 1.

A through D, SU6656 or toxin B only partially inhibits macrophage LDL uptake and
cholesterol accumulation. Macrophages were incubated for 24 hours with 250 pg/mL 125]-
LDL and the indicated addition (A and C) or 1 mg/mL LDL and the indicated addition (B
and D). 125]-LDL uptake is the sum of cell-associated and degraded 12°I-LDL. To determine
basal macrophage cholesterol levels, macrophages were also incubated for 24 hours without
LDL addition. *P< 0.05 for LDL vs LDL plus added inhibitor.
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Figure 2.

A through D, SU6656 or toxin B almost completely inhibits macrophage macropinosome
formation. Macrophages were treated for 5 hours without SU6656 (A) or with 20 umol/L
SU6656 (B) or for 5 hours without toxin B (C) or with 100 ng/mL toxin B (D) and imaged
by phase-contrast microscopy. The macropinosome vacuoles were substantially decreased in
cultures with added inhibitor. The bar indicates 50 pum.
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Figure 3.

LDL uptake by macrophages is efficiently inhibited by a combination of macropinocytosis
and micropinocytosis inhibitors. Macrophages were incubated for 5 hours in medium
containing 250 pg/mL 1251-LDL and the indicated inhibitor. The percentage inhibition of
uptake compared with control is shown. 12°|-LDL uptake for untreated macrophages was 10
pg/mg cell protein.
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Figure 4.

A through D, Macrophages take up the fluid-phase pinocytosis tracer HRP within both
macropinosomes and micropinosomes. Macrophages were incubated for 10 minutes without
HRP (A) or with 1 mg/mL HRP (B) without inhibitor addition, with 10 umol/L SU6656 (C),
or with 500 nmol/L bafilomycin Al (D). SU6656 inhibited the formation of
macropinosomes but not micropinosomes, whereas bafilomycin Al inhibited the formation
of micropinosomes but not macropinosomes. The bar indicates 10 pm.
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Figure 5.
A through D, Electron microscopy of macrophage uptake of the fluid-phase pinocytosis

tracer HRP within macropinosomes and micropinosomes. Macrophages were incubated for
10 minutes without HRP as a control (A) or with 1 mg/mL HRP (B) without inhibitor
addition, with 10 umol/L SU6656 (C), or with 500 nmol/L bafilomycin Al (D). Arrows and
arrowheads indicate macropinosomes and micropinosomes, respectively. The bar indicates

0.5 pm.
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Figure 6.

A through D, Macrophages take up LDL within macropinosomes and micropinosomes.
Macrophages were incubated for 10 minutes with 5 mg/mL LDL. LDL detected with anti-
LDL immunogold labeling was observed in both macropinosomes (A) and micropinosomes
(B and C). As a control, samples were treated with anti—green fluorescent protein
immunogold labeling and this showed no labeling (D). The bar indicates 0.2 ym.
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